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and ligand-bound mRNA (state 3) but with different rates. The mRNA at both state 1 and state 3 has similar volume.
The Gibbs free energy of each complex is shown. GmRNA and Gligand are calculated from Equation S11 and S12. region is also depicted. We also calculated the sequence entropy to be 63%, using the pre-and post-aptamer regions of all these 52 designed riboswitches according to formula: Overall, there is no significant correlation between individual Gibbs free energy terms and error in ARactual, TIROFF, or TIRON. However, the highlighted orange box in GSD-antiSD plot shows that a largely negative GSD-antiSD could be responsible for the higher-than-predicted OFF expression for the three outlier riboswitches. 
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Supplementary Notes 1-Biophysical Model of Translation Initiation
Statistical thermodynamic modeling relates the mRNA's translation initiation rate, r, to the total Gibbs free energy change between mRNA and initiating 30S ribosomal subunit, G total , according to Equation S1 [4] .
 is the apparent Boltzmann coefficient and is measured to be 0.45 mol/kcal [4] , which has been further verified in other studies [5] and in broadly different bacterial species [6] . The model assumes a two state binding process where the G total is the difference between the Gibbs free energy of the final and initial states, according to Equation S2 (Figure 2A) .
In the initial state, free mRNA folds into its minimum Gibbs free energy, G mRNA . In the final state, mRNA undergoes both unfolding and hybridization steps to bind to the 30S ribosomal subunit and form the 30S initiation complex (30SIC). Multiple factors contribute to the Gibbs free energy of the 30SIC in the final state, including the mRNA folding energy, mRNA:16S-rRNA hybridization energy, mRNA folding geometry and site accessibility, mRNA folding location, tRNA-start codon binding energy, and the conformational flexibility of 30S ribosomal subunit.
These energetic components are summarized in four Gibbs free energy terms as presented in Equation S2.  G mRNA:rRNA accounts for the hybridization energy between Shine-Delgarno like region (SD) of mRNA and the last nine nucleotide of 3'-end of 16S-rRNA (antiSD). It also includes the mRNA refolding energy at regions upstream from SD and downstream from the ribosomal footprint. Based on unpublished data, the ribosomal footprint covers the first 13nt of the coding section. The mRNA region within the ribosomal footprint remains unfolded, as it is loaded into the mRNA channel of 30S subunit. The Gibbs free energy of RNA folding and RNA/RNA hybridization was calculated using the ViennaRNA suite, version 1.8.5 [7] . G start is the hybridization energy of tRNA fMet anti-codon loop to the mRNA's start codon at the P-site.
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G spacing is the Gibbs free energy penalty for the non-optimal spacing between start codon and the SD-antiSD hybridization region on mRNA (optimal spacing is five nucleotides [8] ). The 30S subunit can sustain either a compressed or a stretched state to accommodate different length of spacing region, but with an input of spacing energy penalty that was measured previously [4] .
The final energy term, G standby , relates the RNA folding geometry and its site accessibility to the efficiency of mRNA binding to the 30S platform [9] .
The 30S platform binds to the mRNA's standby site upstream from the SD prior to hybridization of SD to antiSD. The positively charged surface of 30S platform prefers single stranded regions of mRNA for binding. A standby site at 5' UTR of mRNA can fold into multiple RNA structures, thus its site accessibility for binding to the 30S platform depends solely on the shape and geometry of RNA structures. According to our previous biophysical modeling of standby site [9] , the standby site can be divided into multiple standby site modules, where each module contains one hairpin and two adjacent single stranded binding sites. The height of the hairpin and the length of distal and proximal binding sites are denoted as H, D, and P, respectively. We found that the available RNA surface area, As, determined from formula: As = 
2-Biophysical Model of Riboswitches to Control Translation Initiation
The biophysical model of 30S platform's binding to the structured 5' UTR allowed us to predict the effect of any structured 5' UTR on the translation initiation rate. The core component of this model is the ability to predict the translation initiation rate directly from the RNA folding shape and geometry. Importantly, the ligand-bound RNA aptamers are geometrically similar to the RNA structures that appear in the 5' UTR and theoretically should control the translation initiation rate in the similar fashion. This special feature of the biophysical model allowed us to develop the automated design of synthetic riboswitches to control the translation initiation rate directly from the RNA aptamers. Notably the automated design does not add any additional parameters to the model. The only input for the model is the structural constraints of RNA aptamers after it is bound to the ligand.
The biophysical model of riboswitches assumes a two state process, an "OFF state" and an "ON state". In the "OFF state" when the ligand is not present inside the cell, mRNA which carries the RNA aptamer sequence in its 5' UTR, folds into its minimum free energy G mRNA,OFF .
Therefore, the 30S subunit binds to the free mRNA with a total Gibbs free energy change When G ligand can fully compensate the free energy penalty G mRNA , the RNA folding switch can occur at thermodynamic equilibrium and the binding would be stable. In contrast, a weak ligand binding with a less negative G ligand cannot compensate a large free energy penalty, and consequently the transition from the OFF state to the ON state would not be stable. We define this condition as a metastable switching condition, where the chance of remaining bound to ligand is a function of the mRNA's switching free energy. We calculate the switching free energy by summing G mRNA and G ligand . When the switching free energy (G mRNA +G ligand ) is negative, the mRNA-ligand binding is stable, and when the summation is positive the binding becomes metastable.
When a riboswitch is metastable, we assume that the metastable mRNA-ligand complex will partition into two reversible states, an unbound mRNA and a ligand-bound mRNA, according to the change in their Gibbs free energies. Applying a mRNA conservation mole balance, the fraction of unbound and ligand-bound mRNAs can be written as Equation S13 and S14. 
3-Thermodynamic Minimization Model to Capture the Effect of Ligand and mRNA
Concentration on Riboswitch's Function
The biophysical model of riboswitches assumes excess ligand for binding to mRNA in the ON state. However, it is possible that the concentration of ligands is not in excess and even lower than the mRNA level. This would affect the model predictions for riboswitch's function.
Here we used a thermodynamic minimization approach to predict the translation initiation rate for diverse mRNAs and ligand levels inside the cell.
A pool of total mRNA transcripts and total ligands that co-exist inside the cell can partition into three different configurations: free mRNA (state 1 in Figure 1B) , free ligand, and ligand-bound mRNA complex (state 3 in Figure 1B) (Supplementary Figure 1) . Each of these three configurations has specific concentration C, volume V, and Gibbs free energy G. We simplify the intracellular environment into a water-filled, constant-volume box containing the three above species. For simplicity we also assume that the free ribosomes inside the cell are in excess and their number remain constant when binding to the riboswitches. Therefore, the concentration of each species can be estimated using a thermodynamic minimization approach, in which the total Gibbs free energy of the box, G box (Equation S20), is minimized subject to total mRNA and ligand molar conservation [10] . We should mention that, when Dirks et al 2007 [10] calculated the mole fraction of each species inside the box, they assumed that the species in the box have similar sizes. That assumption is correct when dealing with multiple strands of RNA where all have roughly similar sizes. However, in the case of ligand and mRNA binding, the size of ligand can be 1000-fold smaller than the mRNA. Therefore, the similar size assumption would not be correct. Therefore, we modified the original derivation in order to incorporate the volume of species in the G box formulation. Figure 1) .
The total mRNA and ligand molar conservation can be written as:
Finally, the 30S ribosomal subunit can bind to the mRNA and initiate translation from two separate configurations; the free mRNA (state 1) using a binding Gibbs free energy G total,OFF , and ligand-bound mRNA (state 3) using a binding Gibbs free energy G total,ON . Therefore, the translation initiation rate per total mRNA level in the presence of ligand can be calculated according to Equation S9.
4-Riboswitch Calculator: Automated Design of Synthetic Riboswitches
The Riboswitch Calculator offers two design modes for the automated design of riboswitches to control translation initiation: a reverse engineering mode and a forward engineering mode. For both two modes, four inputs are necessary for the calculations: the RNA aptamer's sequence, the RNA aptamer's structural constraint upon binding to the ligand (in the "dot-bracket" format), the binding free energy G ligand or its equivalent dissociation constant K D of the ligand to RNA aptamer, and the protein coding section for the gene of interest. Here, we describe these two modes in detail.
Reverse engineering mode: this mode of the Riboswitch Calculator evaluates the performance of a given riboswitch sequence by calculating the following energetic terms:
G total,OFF for the OFF state, G total,ON of the ON state by incorporating the structural constraint of the RNA aptamer, the G ligand calculated from the K D of ligand to RNA aptamer (Equation S12), and G mRNA according to Equation S11. Finally the translation initiation rate at OFF and ON states (Equation S4 and S5) and as a result the riboswitch's maximum activation ratio (AR max ) will be calculated. It also predicts the concentration-limited activation ratio (AR conc ) and actual activation ratios (AR actual ) using the given mRNA and ligand concentration and the calculated G mRNA (Equations S10 and S19). This mode of Riboswitch Calculator has been validated using 15 synthetic theophylline riboswitches that controlled the translation of luciferase gene [3] ( Figure 2CDE ).
Forward engineering mode: this mode of the Riboswitch Calculator is able to design riboswitch sequences from any given RNA aptamer sequence in order to control translation initiation of a gene of interest with large dynamic range. To design the riboswitch, the input RNA aptamer sequence will be located within the 5' UTR of the gene of interest and the sequences upstream (pre-aptamer) and downstream (post-aptamer) of the RNA aptamer in the 5' UTR will be carefully optimized to achieve the design objectives. For cloning purposes, proper restriction sites can be inserted in the designed sequences. Importantly, since the DNA sequence space to design the pre-and post-aptamer regions is substantially large, we use an optimization algorithm to search for the functional riboswitches ( Figure 3A, Supplementary Figure 2) . The optimization algorithm starts with an initial sequence for pre-aptamer and post-aptamer regions and continues with rounds of mutations (substitution, insertion, and deletion, each with a predefined chance) until reaching the design objectives. At each mutation, the core biophysical model of the Riboswitch Calculator evaluates the G total,OFF , G total,ON , G ligand , and G mRNA by applying the structural constraint of the input RNA aptamer. Mutations that meet the specified objective function requirements such as minimizing the G mRNA , maximizing the dynamic range of riboswitch's function (AR max ), or reaching a user-defined OFF or ON expression targets, will be selected for next rounds. This mode of Riboswitch Calculator has been validated using 62 designed riboswitches that bind to theophylline, TMR, fluoride, DNT, dopamine, and thyroxine, and control the translation of luciferase and mRFP1 reporter proteins (Figures 2, 3 and 4) .
5-Incorporation of Pseudoknot Structural Constraint into Riboswitch Calculator
The biophysical model of structured 5' UTR was parameterized using canonical secondary structures. Although many SELEX based RNA aptamers have canonical secondary structures, most of natural RNA aptamers contain pseudoknot base pairing [11] , such as add-A and xpt-G aptamer [12] , met-A aptamer [13] , met-H aptamer [14] , and c-di-GMP binding 84-Cd aptamer [15] . In order to generalize the Riboswitch Calculator to all types of RNA aptamers, we developed an automated method to calculate the folding energy of the pseudoknot structures based on their given structural constraint. The algorithm takes the pseudoknot structural constraint in the form of "pseudoknots dot and bracket". It calculates the pseudoknot structure folding energy according to Equation S27.
G assembly is the free energy released from initiating the pseudoknot base pairing between two hairpins and is set to 1.3 kcal/mol, according to Cao and Chen [16] [17] . G coaxial is coaxial stacking energy between two stems that have 0 or 1 nt distance. The coaxial stacking energy is a function of closing base pairs and their neighboring base pairs. The related energies for coaxial stacking energy calculations, according to Cao and Chen [16] , were taken from the DotKnots algorithm [18] [19] . G hyb is the free energy contribution of all the base pairs in the pseudoknot structures. To calculate this base pairing energy, the pseudoknot structure will be automatically divided into two canonical structures (Supplementary Figure 20A) , where their folding energies are calculated, according to Equation S28, using Vienna RNA suite, version 1.8.5. It is important to note that our model only calculates the folding energy of the standard pseudoknot base pairings, as the energy parameters for the non-standard pseudoknot base pairings are not available yet (Supplementary Figure 20B) .
In this equation, G stem is the folding energy of the RNA hairpin and G loop is the energy penalty for closing the loop (as a result of entropy loss), which is equivalent of the free energy of hairpin loop's closing base pair. On the other hand, the effect of entropy change upon pseudoknot formation is included within S PK (Equation 27). A virtual bond model has been proposed by Cao and Chen [16] [17] 20] , in which the entropy of pseudoknot formation is related to the length of hairpin stem and hairpin loops within the pseudoknot structure. Therefore, our algorithm first determines the effective length of hairpin stem and hairpin loops. Next, S PK is calculated using the entropy functions provided by Cao and Chen for different types of pseudoknots, such as linear-loop [16] [17] and loop-loop [20] , and also by using the fitted entropy functions available in DotKnots algorithm [18] [19] . T in Equation S27 is temperature in kelvin unit.
Overall, our automatic method is capable of calculating the folding energy of standard pseudoknot structures just by using their structural constraints. These pseudoknots can contain bulges or mismatches in their hairpin stems, or can have extra hairpin stems on their loop or on their hairpin stems. Figure 3A) . Using our developed biophysical model, we sought to predict the function of all the individual members of these libraries and identify which riboswitch is silent and which one is functional. Therefore, we performed our calculations for all the riboswitch variants in the N 5 , N 6 , N 7 , and N 8 libraries.
Interestingly, we found that the chance of finding a functional riboswitch from these libraries dropped dramatically as the library size increased (Supplementary Figure 3B) . Moreover, our predictions show that the number of predicted functional riboswitches largely exceeded the number of experimentally identified ones as the library size increased, demonstrating a technological challenges for the high-throughput screening methods (Supplementary Figure   3C) . Finally, the in vivo measured -galactosidase levels (Miller units) at both OFF (zero Theophylline) and ON (2mM Theophylline) states, for 20 identified and reported riboswitches in these libraries, were correlated with the model predicted G total values (Supplementary Figure   3D ). The biophysical model was able to accurately predict the maximum activation ratio AR max for most of these riboswitches (Supplementary Figure 3E) .
7-Volume and Intracellular Concentration of mRNA and Ligands
The average volume of E. coli cells is estimated to be 10 between 40-60 copies inside E. coli Top10 or DH10B [23] . The tac promoter drives the production of luciferase gene on pUC19, while J23100 promoter, which is slightly weaker than tac promoter, drives the transcription of mRFP1 gene on pFTV1. However, the longer length of luciferase gene compared to mRFP1 may lead to a lower transcription efficiency for luciferase gene due to higher chance of RNA polymerase dissociation at longer distances. Therefore, we estimate that there are around 5,000 and 10,000 mRNA molecules inside the cell carrying the luciferase and mRFP1 genes, respectively. These estimates are equivalent of ~70 and ~170 34 copies of mRNA per pUC19 and pFTV1 plasmid DNAs, respectively, which fall in the range of mRNA copies generated from other natural promoters across genome [24] [25] . Transferring the luciferase expression cassette (which includes the tac promoter, 5' UTR, and luciferase gene) to other plasmid vectors with different copy numbers (pBAC, p15A, and pFTV1) results in different range of mRNA levels. Based on our measurements, we estimated that mRNA molecules for luciferase gene are present in around 170, 3730, and 3130 copies under pBAC, p15A, and pFTV1 plasmids, respectively (Supplementary Figure 17A) . In addition, the mRNA levels for mRFP1 gene are estimated to be 1,000 and 50,000 molecules when using either the AEB-3 or
LmrA promoters on pFTV1 plasmid, respectively (Supplementary Figure 17B) . Finally, we assume that the intracellular ligand concentration is almost 100-fold less than the extracellular ligand concentrations. For the case of theophylline, this is slightly higher than its reported intracellular concentration [26] . However, for different ligands, this estimated constant ratio can be different, depending on their partition coefficient value across the cell membrane. 
8-The mRNA and Ligand Level Comparison Between cell-free and in vivo
With 30uM total TMR and K D of 60 nM, the concentration of mRNA-ligand complex is 500-fold larger than free mRNA, hence C mRNA,total ~ C mRNA-ligand . This explains the increase in activation ratio as the mRNA level increases (Figure 5A , dilute volume). It is noteworthy that addition of mRNA molecules does not reduce the free volume in the test tube ( Figure 5A , dilute volume).
In contrast to the cell-free transcription-translation reaction, the mRNA and ligand molecules inside the cell are present in very limited amounts. As explained in previous section, the number of transcribed mRNA molecules from pUC19 plasmid is roughly 5,000 molecules. In addition, assuming that the intracellular concentration of TMR is around 0.2 uM, there are roughly 120 molecule of TMR present inside the cell, which is in the same order of magnitude as the mRNA molecules. Therefore, to determine the fraction of ligand-bound mRNAs we need to use thermodynamic minimization approach shown in Equation S20. Interestingly, since the total volume of cell is limited, increasing the number of mRNA molecules reduces the free volume, which further impacts the mRNA-ligand binding fractions ( Figure 5A , crowded volume).
Overall, our thermodynamic minimization calculation is able to predict the fraction of freemRNA, free-ligand, and mRNA-ligand complex as the total mRNA level increases. More importantly, this model can correctly predict the decrease in activation ratio as the mRNA level increases ( Figure 5C ).
9-Designing a "Perfect" Riboswitch
By combining the biophysical model of riboswitch function together with the optimization algorithm, we investigated whether we could design a so-called "perfect" riboswitch that used a best-possible, hypothetical aptamer to bind a ligand and maximally regulate gene expression.
Using this design, we investigated how the maximum available ligand concentration and the aptamer's binding affinity determined the best-possible sensing scenarios. We chose a short 22nt hypothetical aptamer sequence (Figure 6, Supplementary Figure 19A ) and highly optimized its pre-aptamer, post-aptamer, and coding section to generate a "perfect" riboswitch that exhibited an extremely large activation ratio (AR max = 16000), but with a large switching free energy, G mRNA = 15.2 kcal/mol. Using Equation 2, we predicted the in vivo actual activation ratio AR actual for this riboswitch at a wide range of G ligand (from pico-molar to milli-molar ligand binding affinities) and maximum ligand concentrations, and by assuming V mRNA /V water = 10000, V ligand /V water = 20, and total mRNA concentration = 0.16 M (equivalent of 50 mRNA molecules inside the cell). We found that riboswitch activation was extremely high when using a highaffinity aptamer and when the ligand is plentiful (AR actual > 1000-fold). When picomolar ligand levels must be sensed, a "perfect" riboswitch will activate expression by 20-fold using a high-36 affinity aptamer, and 3-fold using a very low-affinity aptamer. These calculations illustrate the outer bounds of riboswitch sensing regardless of the aptamer sequence or structure (Supplementary Figure 19B) .
10-Examples of Data Analysis (DNT, Dopamine, and Thyroxine Riboswitches)
Riboswitch-specific activation ratios were calculated identically for all riboswitches. Here, we provide specific example calculations for the DNT, dopamine, and thyroxine riboswitches to illustrate the procedure. The thyroxine riboswitches and no-aptamer control were characterized in cell-free transcription-translation assays supplemented with 1.5 mM NaOH and 100 mM NaCl. The noaptamer control's luciferase expression level was 24659 au without thyroxine and 9104 au with 150 uM thyroxine, yielding a 0.37-fold activation ratio. The T4-2 thyroxine riboswitch's luciferase expression level was 1773 au without thyroxine and 1543 au with 150 uM thyroxine, yielding an activation ratio of 0.87. The riboswitch-specific activation ratio for T4-2 was therefore 0.87 / 0.37 = 2.35.
